The power of combining sum frequency generation (SFG) vibrational spectroscopy and solid-state nuclear magnetic resonance (ssNMR) spectroscopy to quantify, with site specificity and atomic resolution, the orientation and dynamics of side chains in synthetic model peptides adsorbed onto polystyrene (PS) surfaces is demonstrated in this study. Although isotopic labeling has long been used in ssNMR studies to site-specifically probe the structure and dynamics of biomolecules, the potential of SFG to probe side chain orientation in isotopically labeled surface-adsorbed peptides and proteins remains largely unexplored. The 14 amino acid leucine-lysine peptide studied in this work is known to form an α-helical secondary structure at liquid-solid interfaces. Selective, individual deuteration of the isopropyl group in each leucine residue was used to probe the orientation and dynamics of each individual leucine side chain of LKα14 adsorbed onto PS. The selective isotopic labeling methods allowed SFG analysis to determine the orientations of individual side chains in adsorbed peptides. Side chain dynamics were obtained by fitting the deuterium ssNMR line shape to specific motional models. Through the combined use of SFG and ssNMR, the dynamic trends observed for individual side chains by ssNMR have been correlated with side chain orientation relative to the PS surface as determined by SFG. This combination provides a more complete and quantitative picture of the structure, orientation, and dynamics of these surface-adsorbed peptides than could be obtained if either technique were used separately.
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protein | surface | isotope labels | solid-liquid interface C ontrolled immobilization of peptides onto artificial biointerfaces plays a key role in developing antifouling, implant, and immunosensor technologies. Development of biocompatible surfaces is also a major focus of the materials and tissue engineering communities (1) (2) (3) (4) , particularly for using peptide or protein coatings in recreating a natural extracellular matrix to direct wound repair or tissue development and homeostasis (5) (6) (7) . Understanding the structural and dynamic impact of protein adsorption at the molecular level is therefore crucial for the design of future bioactive surface coatings and interfaces.
Sum frequency generation (SFG) spectroscopy has proven to be an increasingly powerful technique for probing protein films in situ at the solid-liquid interface (8) (9) (10) (11) (12) (13) (14) (15) (16) . According to the "selection rules" of SFG, only molecular groups in proteins or peptides at an interface that have a net order will contribute to the measured signal (17) . Since surface interactions can introduce ordering in the binding regions of proteins and peptides, SFG is an excellent probe to identify the side chains involved in these binding events (9) (10) (11) 15) and, in some cases, the orientation of adsorbed peptides (18) . Backbone related amide modes, which are sensitive to conformation (19) , can also determine the secondary structure of adsorbed peptides (14, 20, 21) .
Solid-state nuclear magnetic resonance (ssNMR) is likewise a versatile probe of biomolecular structure. In recent years, multidimensional ssNMR experiments incorporating dipolar recoupling pulse sequences have led to high resolution structures of proteins in micro-crystalline form (22, 23) . Recently, ssNMR techniques have been used to obtain structural parameters such as internuclear distances and bond torsion angles for the biomineralization protein salivary statherin adsorbed onto hydroxyapatite crystal surfaces (24) (25) (26) (27) , which combined with the protein structure prediction algorithm RosettaSurface (28) have produced an atomic level structural model (29) .
In addition to structural information, deuterium ssNMR ( 2 H NMR) line shapes and relaxation can probe the amplitudes and rates of local internal motions of proteins and nucleic acids for rates ranging from 10 12 Hz to less than 10 4 Hz. 2 H NMR has long been used to determine the degree to which amino acid side chain dynamics are sensitive to structural environment, for example, the perturbation of the motion of leucine side chains in collagen fibrils (30) , the dynamic impact of polylysine adsorption onto silica and hydroxyapatite surfaces (31) , and the dynamics of hydrophobic side chains in membrane-associated proteins (32) (33) (34) . Additionally, 13 C-2 H NMR correlation techniques have been used by Reif and coworkers to identify the dynamics of deuterated valine and leucine side chains in uniformly 13 C-labeled micro-crystalline proteins (35, 36) .
The question arises, can the orientation or proximity of protein side chains relative to the surface as determined by SFG, be correlated with trends in the dynamics of the same protein side chains as determined by ssNMR? Recent ssNMR studies of statherin and amelogenin show that proximities of protein side chains to surfaces can be directly detected by rotational echo double resonance (REDOR) recoupling, if the surface contains a NMR-active nucleus such as 31 P or 19 F that is not also ubiquitous in the protein (24, 37, 38) . In the absence of an NMR-active nucleus located exclusively in the surface, protein interactions with charged surfaces can be detected as perturbations of the 13 C chemical shift of certain side chain functional groups, such as carboxyls (27) .
But in the absence of circumstances that enable quantitative determination of protein side-chain-surface distances by dipolar recoupling, or qualitative description from chemical shift perturbations, no simple NMR means exists to determine protein sidechain-surface proximities. In such cases, correlating dynamic NMR data with side-chain-surface proximities determined by SFG is a viable alternative, but only if SFG signals are acquired site specifically.
To demonstrate this combined spectroscopic approach, we use synthetic "LK" model peptides, first demonstrated by DeGrado and Lear to adopt particular structures and orientations at interfaces (39) , consisting of alternating periods of leucine (L) and lysine (K) residues (Fig. 1A) . Previously, we used dipolar recoupling and double-quantum NMR techniques to quantify the α-helical structure secondary structure of a 14-residue peptide, LKα14: Ac-LKKLLKLLKKLLKL-OH adsorbed onto polystyrene (PS) surfaces (40) .
The structure and orientation of LKα14 on PS and silica surfaces has been studied by Somorjai and coworkers (10, 13) using SFG vibrational spectroscopy. We have also studied the structure and orientation of LKα14 on PS, silica, self-assembled monolayers (SAMs), and fluorocarbon (FC) surfaces using SFG combined with other spectroscopic methods (9, 16, 18, (41) (42) (43) . These studies show that adsorbed LKα14 has an α-helical secondary structure, and on the hydrophobic surfaces (PS and FC) the leucine side chains were oriented towards, and the lysine side chains oriented away from, the surface. Recent SFG studies using SAMs on gold have provided definitive proof that the leucine side chains orient towards hydrophobic surfaces (18) . However, the orientations of individual side chains were not previously determined. In the present study we use selective deuteration to show that SFG can quantify the individual surface orientation of each of the eight leucines in LKα14 adsorbed onto PS and these orientations can be correlated with trends in 2 H NMR-derived dynamics obtained from the same adsorbed peptides. In Procedures we will briefly describe SFG and 2 H NMR methods only as they apply to the specific case of leucine side chains interacting with a hydrophobic surface. After outlining the materials and methods used and a presentation of the results, we will discuss correlations of the SFG and NMR data and prospects for future SFG/NMR studies of more complicated surface-adsorbed peptides/proteins. Procedures Sum Frequency Generation. SFG is a coherent nonlinear optical process where spectrally tunable infrared and fixed visible laser pulses are overlapped in time and space at an interface and generate photons at the sum of the pump beam frequencies. The intensity of the generated SF light I SF is given by:
here, I vis and I IR are the infrared and visible pump beam intensities, respectively, and χ ð2Þ eff denotes the effective second-order nonlinear susceptibility of the interface which can be written as (44) :
Here, χ ð2Þ NR is the second-order nonlinear susceptibility of the nonresonant background, A v is the strength of the νth vibrational mode, ϕ ν denotes the phase of the respective mode and ω IR refers to the frequency of the incident IR field. ω ν and Γ ν are the resonance position and width of the respective modes. Fitting [2] to the spectral data allows us to determine A v , ω ν , and Γ ν . By varying the s or p polarization of the pump beams and the detected SFG signal, it is possible to probe different elements of the χ ð2Þ tensor. For example, ssp polarization denotes s polarized sum, s polarized visible and p polarized IR light. In this study ssp, ppp, and sps combinations were used. The resonance strengths for the different polarization combinations can be related to molecular susceptibilities of SFG active groups in laboratory coordinates using procedures established by Shen and coworkers (45) .
For the orientation analysis of the leucine side chains we used the united atom approach first employed by Cremer and coworkers (46) . Briefly, instead of treating the vibrational modes of the two terminal methyl groups individually, the hyperpolarizabilities of the isopropyl moiety are combined in the molecular structure. The advantage of transforming from a methyl-based structure to an isopropyl-based structure is the 2× reduction of coordinates (six for the two individual methyls to three for the unified system) required to define the position of the isopropyl group. Fig. 1B illustrates the unified coordinates in the molecular structure. The~ν vector bisects the two methyl groups and lies in the C γ -C δ1 -C δ2 plane. The angle between~ν and the methyl groups is α, the angle between the two methyl groups is, therefore, 2α. The orientation of the terminal isopropyl group can then be described by a set of Euler angles and α. As shown in Fig. 1B , the tilt angle θ is defined between the surface normal and~ν, the twist angle η describes the rotation of the molecule with respect tõ ν and ζ is the azimuthal angle of~ν in the xy-plane. Details of the model used for the qualitative analysis are summarized in the SI Text and in ref. 46 .
2 H NMR Dynamic Line Shapes. To simulate the experimental 2 H NMR line shapes observed for selectively deuterated LKα14 peptides adsorbed onto PS, we must consider the detailed nature of leucine side chain motions. There are nine possible conformations corresponding to three rotational isomers each for the C α -C β and C β -C γ bonds. In the absence of any other motions of the side chain, four of these conformations are structurally unique (47) . Models for the motion of leucine side chains are usually based on the assumption that exchange occurs between a subset of these bond rotational isomers. For example, in a 2 H NMR study of helical collagen fibrils with L-leucine-2 H 10 uniformly incorporated, Batchelder et al. (30) assumed exchange of the side chain between two conformers observed to be dominant in leucylpeptide crystal structures: tg þ and g − t, where g þ , g − , and t correspond to the gauche þ, gauche −, and trans rotational isomers of the C α -C β and C β -C γ bonds. The temperature variation of the 2 H line shape was modeled as variation in the rate of exchange between these two conformations of the leucine side chain, assumed to occur with equal a priori populations.
In a 2 H NMR study of the transmembrane protein phospholamban in phospholipid bilayers, Lorigan and coworkers (32) modeled the 2 H NMR spectrum of selectively methyl-deuterated leucine as arising from the rotational motion of the methyl group, and from a two-site movement around the C β -C γ bond axis in which the methyl groups were tilted by 75°and jumped by 109.5°. Experimental line shapes were closely simulated with this model assuming exchange between side chain conformers with a rate constant of k ¼ 1 × 10 5 s −1 . A recent study of methyl-deuterated side chain (47) assumed exchange between all four unique side chain conformers, with additional modulation of the 2 H line shape attributed to diffusion on the arc of a cone of half angle 70.5°.
The dynamic model we adopted and show in Fig. 1C , similar to the model of Batchelder above, assumes the side chain of leucine in a surface-adsorbed protein similarly exchanges between two configurations of the side chain: g þ t and g − t. The overall effect of this exchange is to change the orientation of the C γ -C δ1 and C γ -C δ2 bonds by about 109.5°. The model presented in Fig. 1C differs from that used by Batchelder in that the a priori populations of the side chain conformers are not assumed to be equal.
The theory of the dynamically modulated solid-state 2 H NMR line shape is well documented (48) 
Methods and Materials
Details of peptide synthesis, substrate preparation, peptide-substrate binding, NMR, and SFG spectroscopic parameters are included in SI Text. Briefly, LKα14 peptides, Ac-LKKLLKLLKKLLKL-OH, were synthesized de novo with isopropyl-d 7 side chains at single leucine sites, abbreviated as Leu# where # is the position of the deuterated residue. Aqueous solutions of peptide were used to place monolayers on polystyrene-coated CaF 2 prisms for SFG spectroscopy, and 1.0 μm diameter polystyrene beads for NMR experiments.
Deuterium line shape simulations were obtained with a combination of the MXET1 simulation program and locally written Matlab code. The rapidly rotating C δ D 3 methyl groups were preaveraged and treated as a single superspin, with the effective quadrupolar coupling (QCC eff ) as an adjustable parameter. To approximate the backbone mobility of the peptide, a cone motion using the method of Vold and coworkers (47) was added to the C α -C β bond, consisting of a ten-site jump evenly distributed around the surface of a cone defined by a variable half angle along both the C γ -C δ1 and C γ -C δ2 bonds operating in lockstep, so that the overall C δ1 -C γ -C δ2 bond angle remained constant (Fig. 1B) . A uniform rate constant of 600 s −1 between adjacent sites on the cone was applied in all simulations. The exchange between the two primary conformers was modeled as a global exchange rate (k ex ) of 6 × 10 6 s −1 for all residues (determined empirically) with a varying, site-dependent initial conformation population ratio (p 1 ∕p 2 ).
Results Sum Frequency Generation. SFG vibrational spectra in the C-D stretching range (2;000-2;300 cm −1 ) were acquired for the series of selectively deuterated LKα14 peptides. Spectra obtained with ssp, ppp, and sps polarization combinations are shown in Fig. 2 . Note that while peptides were also present in the surrounding buffer solution during the measurements, the spectra are only representative of ordered adsorbed peptides on the surface because of the interface specificity and selection rules of the SFG technique (17) . The leucine sites in the original peptide sequence (see Fig. 1 ) are also indicated. The resonance positions and oscillator strengths A for the samples were obtained by fitting [2] to the data (red lines in Fig. 2 ). Resonances near 2;220 cm −1 and 2;260 cm −1 can be assigned to asymmetric (r − ) and symmetric (r þ ) CD 3 stretching modes. Features near 2;130 cm −1 and 2;080 cm −1 are related to the CD 3 Fermi resonance (r þ FR ) and the CD stretching mode of the γ-carbon in the isopropyl group, respectively (51, 52) . A weak additional peak observed in the ppp spectra near 2;150 cm −1 is most likely explained by a Fermi resonance of the CD moiety (53, 54) . The peak intensities vary significantly for the three polarization combinations. In the sps spectra, only the asymmetric CD 3 mode is visible. The ppp spectra are also dominated by the r − resonance, but the r þ , r þ FR , and CD resonances also exhibit significant intensity. The latter modes are the most prominent features in the ssp spectra and the asymmetric stretching mode is much weaker. Interestingly, the phase (observed as the peak polarity and shape) of the r − modes in the sps and ppp spectra exhibit a strong dependence on the Leu position, while the phases of the other modes are mostly unaffected. Pronounced phase variability of the r − modes versus the r þ modes has also been observed before in phase studies of methyl stretching modes in peptide spectra and polystyrene (55, 56) . The intensities of all observed modes vary significantly with the leucine positions. Some leucines have very strong features for particular polarization combinations but only medium or low intensity in others. For example, in the ppp spectra, the r − peak (2;220 cm −1 ) is by far the strongest in the spectrum for Leu12 while all other leucines have similar intensity levels. At the same time, Leu12 is almost featureless for sps and only of moderate strength for ssp. Conversely, Leu7 and Leu4 show the strongest r − intensities in both ssp and sps spectra but only average intensities for ppp. It is interesting to note, that the overall signal intensity is not generally lower for leucines at the ends of the peptide strand. This observation shows that the side chain ordering at the center and ends of the peptide is similar since the SFG signal strongly depends on the orientational order of the respective surface species.
The side chain orientation results from a quantitative analysis of the SFG spectra, obtained as described in Procedures, are shown in Table 1 . Two sets of intensity ratios were employed in the calculations: the ratios for the symmetric stretching modes (r þ ) in the ppp and ssp spectra and the ratios for the asymmetric modes (r − ) in the ppp and sps spectra. Table 1 displays the obtained tilt and twist angles of the terminal isopropyl group along with the experimental intensity ratios. The obtained tilt angles for the adsorbed LK peptides give a detailed picture of the conformation of adsorbed LK peptides. Leucines at sites Leu1, Leu5, Leu12, and Leu14 all have tilt angles ≥68°and are bent away from the surface. The side chains Leu4, Leu7, Leu8, and Leu11, on the other hand, have tilt angles from 30°t o 50°and are more oriented towards the interface and are more likely engaged in surface binding. The high-tilt side chains (θ ≥ 68°) show torsion angles η above 40°, while the less tilted leucines also tend to have lower torsion angles (η < 30°). The only exception is Leu8, which has a low tilt angle in combination with a higher torsion angle (θ ≈ 48°and η ≈ 52°), likely due to steric hindrance within the peptide chain. The strong correlation of leucine tilt and twist angles (R 2 ¼ 0.91) is shown in Fig. 3 . This correlation shows that as the leucines interact more strongly with the surface and the side-chain terminal methyl groups become closer to the surface, the isopropyl units tend to rotate and bring one of the methyl groups closer to the surface.
The SFG tilt angle analysis itself does not directly provide the pointing direction of the side chains. In principle, the chains could be oriented towards or away from the interface with the determined angles. In a recent combined NMR and phase sensitive SFG study the majority of leucine side chains in LK peptides on polystyrene were determined to be oriented towards the surface (41). However, individual leucines could still orient differently. Comparison of SFG-determined angles with complementary NMR side-chain dynamics data described in the following section provides a more complete picture of the peptide structure.
Solid-State NMR. The relatively narrow line shapes obtained for surface-bound peptides (black lines in Fig. 4) , all approximately 37 kHz wide, indicate that the methyl groups predominate. The C γ deuteron, with a much wider (∼120 kHz) doublet pattern, contributed a mean of only 9% to the overall integration of any line shape, and in several it barely exceeded the noise level. The width also remained well within the homogeneous region of the applied RF pulses, minimizing spectral artifacts. The narrow central peak seen on all spectra represents trace water signal (HOD) that could not be removed completely, even by extensive lyophilization.
The backbone motion rate k cone remained constant across all simulations, implying that the ends of the peptide were not significantly more mobile than the center, consistent with the SFG signal intensity results. More interesting is the angle of the cone motion, which has a weak (R 2 ¼ 0.71) but visible correlation with the SFG-derived tilt angle. The cone angle is used as an approximation for the overall motion of the backbone and the C α -C β side-chain bond closest to the backbone. As opposed to k cone , representing only an exchange rate without a fixed geometry, the cone angle should represent a physical range of mobility. Side chains with greater contact with the polystyrene are expected to be hindered by the surface, and therefore have a narrower cone angle. This prediction is borne out by comparison to the SFG data- Table 2 .
Leu11 has the side chain that is closest to the surface normal, with a SFG-derived tilt angle of 30°, and correspondingly has the lowest NMR-simulated cone angle (5°). Conversely, sites that are predicted to be nearly parallel to the surface, such as Leu12 and Leu14, have high cone angles of 25°and 35°, respectively. Leu12, in particular, has a line shape clearly distinct from the other sites and a substantial difference in its conformational exchange rate, suggesting that it is the least tightly bound to the surface, borne out by the highest SFG tilt angle (82°) which is nearly parallel to the PS surface.
Discussion
Together, SFG and NMR provide a detailed, comprehensive picture of the orientations and positions of all leucine residues within LK peptides on polystyrene surfaces. Fig. 5 illustrates how tilt and torsion angles from SFG, surface proximity from NMR, and steric constraints based on the position of the residues in the peptide backbone are used to develop a surface structure model. The latter constraint, the distance of the α-carbon to the surface, can be estimated from the peptide sequence and the known orientation of the entire peptide on hydrophobic surfaces. It has been shown that the peptide assumes an α-helical secondary structure on polystyrene and that the leucine ensemble is generally oriented towards the interface while the lysines point towards the surrounding media (9, 10, 16, 41, 42) . Leu1, Leu4, Leu8, and Leu11 have α-carbons close to the surface and are probably interacting strongly with the PS surface. Side chain proximity to the surface is also reflected in low NMR cone angles of ≤11°. According to the SFG analysis, Leu4, Leu8, and Leu11 have slightly larger tilt angles (47°, 48°, and 30°, respectively) but are still oriented towards the interface and are likely also interacting with the PS surface. Leu11, the residue with the strongest tendency towards the surface (smallest tilt angle), has the lowest NMR cone angle of all leucines, likely due to its pronounced surface interactions. Conversely, Leu1 exhibits a low cone angle (11°), but is bent away from the surface. This angle means it is close to the surface, based on the position of its α-carbon in the peptide chain, but not oriented towards the interface. Leu1's position at the peptide N terminus may sterically favor a conformation where the chain points away from the peptide. In the monolayer peptide film studied here it is possible that in this orientation Leu1 could interact with hydrophobic sites of neighboring peptides.
Leucines at sites Leu5, Leu7, Leu12, and Leu14 have their α-carbons at larger distances from the surface. The respective NMR cone angles are also significantly larger, showing more mobility and less pronounced surface interaction. In this group, Leu7 is the only residue with an orientation towards the interface (η ¼ 39°). Leu5, Leu12, and Leu14 are bent away from the surface with tilt angles of ≥68°. Since these side chains are less involved in binding the peptide to the surface, their orientation is likely more determined by molecular interactions within the peptide. Among the high-tilt residues, the distinct NMR line shape of Leu12 deserves special consideration, since its high mobility and similarity to the line shape of the unbound peptide suggests the side chain likely has the greatest distance from the surface among all leucine residues. At the same time, its α-carbon position is not particularly distant from the surface compared to other high-tilt side chains, which can be explained by an orientation where the isopropyl group points away from the surface. SFG cannot distinguish between angles of 90°þ x and 90°− x. Thus, by comparison with the other high-tilt sites the NMR results suggest that Leu12 has a likely tilt angle of 98°(i.e., pointed away from the surface).
Conclusion
This study demonstrates the power of combined SFG/NMR for obtaining structural information about peptides adsorbed onto surfaces with unprecedented resolution and detail. The orientations of all eight leucine side chains within LKα14 adsorbed onto PS were detected with SFG vibrational spectroscopy. The leucine side chain mobilities were probed with ssNMR. The results show that residues in the center of the peptide with α-carbon positions near the PS surface interact more strongly with the PS surface. In contrast, those residues at the ends of the peptide with α-carbons further away from the PS surface don't interact as strongly with the PS surface. This investigation with the model LKα14 peptides adsorbed onto PS lays the groundwork for a unique strategy to analyze more complex proteins adsorbed onto surfaces. This study underlines the importance of using complementary surface analytical tools and biochemical methods for providing a more comprehensive and molecular level understanding of adsorbed peptides, and also suggests a possible path forward for obtaining high resolution structural and dynamic information about surface-bound proteins using joint ssNMR and SFG methods. Table 2 . NMR simulation parameters for the spectra shown in Fig. 4 
